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The focus of this review is the design of axially loaded screw piles. Through a comprehensive collation of all relevant literature regarding the
design of screw piles, comparisons are made and relations are drawn which will ultimately be relevant to future efforts associated with the design
of screw piles. Contemporary design approaches to screw piling are covered and the consequential relationships among the various geotechnical
design parameters are asserted. The review is centred on vertically loaded axial piles in compression and tension in both cohesive and
cohesionless soils. Through a rigid analysis of all viable design methods, in relation to the bearing capacity of helical piles, comparisons are made
among the different design methods and attention is brought to the need for more research on the settlement of screw piles in order to allow for a
more complete design.
& 2016 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The ﬁrst sections of the review present background information,
including the introduction of the context of screw piles through
accentuations centred on the history and the implications of screw
piles, in regard to their advantages and disadvantages, and ﬁnally
their place in contemporary construction. The objectives of the
review are then discussed and design essentials follow. These
essentials highlight the main framework by which all design
processes related to screw piles should abide. Consequently, design
methods are given which are clustered through an axial capacity
agenda via various methods, such as the cylindrical shear model, the
individual bearing model and the relationship between the installa-
tion torque and the bearing capacity. Ultimately, the work is
culminated by a comparison of the discussed design methods,
including various other design processes which are beyond the scope10.1016/j.sandf.2016.01.009
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der responsibility of The Japanese Geotechnical Societyof this review, such as lateral load design and the use of grout, for
which careful recommendations are formed. Vertically loaded axial
piles, in compression and tension in both cohesive and cohesionless
soils, form the basis of the review, as is evident in Fig. 1.1.1. Literature review: background
Screw piles differ from traditional piles in that they are most
commonly made of high strength steel consisting of helices which
are ﬁxed to the shaft at speciﬁc spacings and have a pointy toe to
allow for better installation into the ground (Arup Geotechnics,
2005). There are various dimensions of screw piles speciﬁc to
certain conditions under which shaft and helix diameters, helix
spacings and embedment depths prove to be points of difference.
Screw piles were initially used mostly as anchors, and hence, were
centred around tensile loads such as transmission towers and
buried pipelines. However, their use has been expanded to stru-
ctures subjected to compressive and lateral loading (Livneh and
Naggar, 2008). Screw piles offer structural resistance to tensile,Elsevier B.V. All rights reserved.
Fig. 1. Screw piles axially loaded in tension and compression, respectively.
Fig. 2. Elements of a screw pile.
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(Schmidt and Nasr, 2004). Fig. 2 shows the basic elements of a
screw pile.
The context surrounding the utilisation of screw piles as
foundations of structures has included various trends. Screw
piles were ﬁrst utilised by Alexander Mitchell in England in
1836 for supporting lighthouses (Perko, 2009). However, their
use began to fade as the steam hammer was developed which
complemented driven piles as opposed to the man power
required for screw piles. As technology evolved, hydraulic
torque drives engendered growing impetus for screw pile use
around the world where initially tension loads were resisted
which were soon followed by compressive loads.
The common analysis of screw piles was ﬁrst recognised in
literature by Troﬁmenkov and Maruipolshii (1965) who developed
the individual bearing method of analysis for single helix anchors,
whilst Adams and Klym (1972) were the ﬁrst to adapt this method
to multi-helix anchors. Mitsch and Clemence (1985) and Mooney
et al. (1985) then introduced the cylindrical shear method of
analysis which examines all bearing plates acting together. The
present paper examines the relationship between both of these
methods of analysis and particularly their differences as compared
to the embedment ratio or spacing ratio. As is evident in this paper,
research into screw piles continues as awareness of their use in
construction continues to grow.
1.2. Implications of screw piles
The advantages and disadvantages of screw piles are important
for determining the conditions under which they are most appr-opriate and beneﬁcial compared to other traditional piling methods.
Common advantages of screw piles are that they are easy to install,
require minimal equipment, can be quickly installed where loading
can soon follow, are suitable for areas with limited access, are
removable and reusable, require minimal dewatering, offer high
tensile and acceptable compressive capacities, can work on slopes,
produce minimal noise and vibration during installation and are
cost effective (Zhang et al., 1998; Schmidt and Nasr, 2004; Livneh
and Naggar, 2008; Sakr, 2009, 2011).
Schmidt and Nasr (2004) assert the disadvantageous soil
conditions for screw piles such as rocky soils, bedrock and
boulders. However, mitigation for these disadvantages does
exist, for example, a sharper toe surface can be used when weak
rock is encountered to improve the passage into the rock (Arup
Geotechnics, 2005).
Ultimately, the relevant positives and negatives associated
with screw piles determine their validity of use under certain
conditions.1.3. Current situation
Considerable progress has been made with regard to enhancing
the axial capacities and installation processes of screw piles in
recent times (Sakr, 2010). This progress is also supported by Pack
(2000) and Perlow Jr. (2011) who purport that advances are being
made toward the utilisation of screw piles as anchors and
foundations of structures. Nonetheless, there is still a lack of
design methods related to screw piles which require continued
investigation (Livneh and Naggar, 2008). Thus, it is apparent that
further research is essential to ensuring that screw piling continues
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munity.
1.4. Objectives
The objectives of this paper are to provide improved clarity for
all the design methods available on vertically loaded screw piles
and to show the comparisons and relationships that exist not only
within a speciﬁc design method, but also among the different
design methods. In the past, the use of helical piles was hindered
by the insufﬁciency of standard design authentication criteria
(Perlow Jr., 2011). Designers working with foundations have
tended to follow conventional foundation techniques and to
overlook screw piles due to their lack of acquaintance with them
and minute data advocating their aptitudes (Vito and Cook, 2011).
Since helical piles have become more prevalent in the cons-
truction industry, universal guidelines have been developed to
improve screw pile practice, although further work is needed
(Perlow Jr., 2011). Hence, the objective of this paper is to further
enlighten the design of screw piles in a contemporary context in
order to provide a valid standpoint for those dealing with screw
piles, effectively raising the awareness and utilisation of screw
piles in construction. Increased movements are evident toward
familiarising geotechnical engineers with screw piles as a result of
their increased use and improved research (Pack, 2000). This paper
purports to bring together all feasible methods related to the
geotechnical design of screw piles suitable to differing conditions
through current research. Presently, there is a diverse range of
professional publications dealing with the design of helical piles.
Consequently, this paper endeavours to synthesise all of these
methods into a comprehensive review.
2. Design process essentials
Adequate knowledge of the design process essentials allows
for an understanding of the way in which the design of screw
piles can be affected. These include the installation process, the
load transfer of axially loaded screw piles, the use of the
Standard Penetration Test (SPT) and the Cone Penetrometer
Test (CPT) and different design methods.
2.1. Installation process
The installation process of screw piles is known to have an
inﬂuence on the design. Installation into soil which is not disad-
vantageous to screw piles, as discussed earlier, usually does not
inﬂuence the design where standard installation procedures are
followed. These standard procedures involve advancing the screw
pile into the soil through the utilisation of a hydraulic torque motor
(Aydin et al., 2011), which results in helices penetrating the soil
via rotations through the application of a turning moment at the
shaft head (Tappenden et al., 2009). When the pitch of each helix
is the same, this facilitates installation further, as each successive
helix follows the same path as the one before it (Livneh and
Naggar, 2008). Nasr (2009) contends that there is an impact on the
soil stress state due to the installation; and hence, this consequence
should not be overlooked in the design process.A pile grouting system can be utilised by either pumping
grout into a predrilled hole before the pile installation or
pumping it through the screw pile to ﬁll the shaft and voids
between each helix (Perko, 2009). Livneh and Naggar (2008)
asserted that grout should be used as it increases the buckling
resistance of the screw pile by activating the adjacent soil
resistance. Similarly, Vickars and Clemence (2000) found that
the bearing capacity of ungrouted screw piles was almost half
of that of grouted screw piles.
In continuance with predrilling effects, Sakr (2011) showed
that sites in which predrilling was required gave rise to
contradictions to the fact that double helix screw piles provide
higher capacities than single helix screw piles. Predrilling was
carried out to depths deeper than that of the upper helix, in
which the bearing soil layer at the upper helix level was
disturbed, as well as the obvious skin friction loss which
resulted from the predrilling. Thus, discrepancies are evident
where the factor of predrilling affects the accuracy of the
design processes.
Similarly, Sakr (2011) found that trimming the helices of
some piles in order to assist installation into gravel containing
cobbles reduced the axial capacity of these piles since their
bearing area was reduced. This proves to be yet another way of
inﬂuencing the design process since areas of helices, if
trimmed, would require a reduction before calculations. Con-
sequently, the load tests which are used in the ﬁeld to measure
the axial capacities of soils are automatically alerted, due to
their tangible nature, whereas design calculations need to be
manually altered in order to represent the physical alternations
performed.
Screw pile installation not only involves the application of
torque, but also the application of downward pressure, called
crowd, which further facilitates the installation (Zhang et al.,
1998). The effects of crowd in relation to the design process
have not been found in the literature regarding screw piles,
although Vito and Cook (2011) claim that an increased crowd
can allow some piles to arrive at their required depths whilst
not surpassing their torque capacity.
Yttrup and Abramsson (2003) assert that in steel screw piles
being installed into strong ground conditions or via slender helix
members, failure through bending of the helix plate occurs as a
result of plastic deformation before the ultimate base resistance of
the pile is reached. Hence, the actual base pressure and the theo-
retical base pressure are considerably less under a stronger ground.
2.2. Load transfer in vertically loaded piles
Nasr (2009) contends that the design is controlled by the
response of deep foundations when subjected to applied loading.
Hence, attention is given to the load transfer mechanism of screw
piles. Schmidt and Nasr (2004) state that forces applied to the
screw pile whilst under loading are transmitted to the neighbouring
soil, thereby asserting the ultimate capacity of the pile as being
characteristic of the soil strength. Ultimately, this clariﬁes the imp-
ortance of soil properties, such as the effective unit weight of the
soil (γ 0), the internal friction angle (φ) and the adhesion factor (α),
which all inﬂuence soil strength (Schmidt and Nasr, 2004).
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during the load transfer, from the pile to the soil, the load
transferred to the helical plates in the form of bearing resistance is
much greater than the shaft resistance. Conversely, Schmidt and
Nasr (2004) outline that load transfer occurs via both avenues, yet
they do not claim which transfer and consequent resistance is
greater. A basic outline of the load transfer mechanism is provided
in this section, but sections to follow assert a more in-depth
analysis.
2.3. Utilisation of SPTs and CPTs
The results from SPTs have been associated with the bearing
capacity, the settlement of foundations and the engineering
properties of soils. SPTs are based on the number of blows and
the N value, whereas CPTs provide a continuous overview of the
soil under analysis (Budhu, 2011). Sakr (2011) asserted that SPTs
and CPTs were crucial for carrying out a geotechnical investigation
related to the soil stratigraphy in order to use the ﬁndings for the
design of screw piles. Pack (2000) contends that the N value
acquired from the SPTs is a crucial parameter due to its
implications toward the soil density and the incidence of impedi-
ments as well as the possible link to the speed of installation, the
screw pile ultimate capacity and the pile embedment depth.
Similarly, Zhang et al. (1998) maintains that the CPTs determine
the soil properties of the soil proﬁle under testing and the soil
stratigraphy, where the measured penetration resistance is linked to
the need for the installation torque and the compressive or tensile
capacity of the pile.
2.4. Scope of design methods
Different design methods related to screw piles are evident in
the literature. They consist of the cylindrical shear method, the
individual bearing method and a relationship between the installa-
tion torque and the bearing capacity. The application of the
International Building Code 2009 (International Code Council,
2009) involves these three design methods along with other ways
of ﬁnding the ultimate capacity of screw piles, such as through
load tests (Perlow Jr., 2011). The three solely theoretically based
design methods, mentioned above, allow for the calculation of the
ultimate capacity of screw piles through equations which vary
according to whether the load is compressive or tensile as well as
to whether the screw piles are in cohesive or cohesionless soils.
However, the relationship between the installation torque and the
bearing capacity is an empirical-based formula for soil conditions
and screw pile properties. The calculated values for these design
methods are compared with values from measured load tests which
involve not only the physical measuring of settlements and relative
loads, through the use of special equipment, but also theoretical
interpretations of their resultant graphs, which are discussed in
Section 4.5.
3. Design methods: axial capacity of screw piles
The sections below explore the different design methods related
to the axial capacity of screw piles.3.1. Cylindrical shear method
The cylindrical shear method was introduced by Mitsch and
Clemence (1985) for screw piles in sand and by Mooney et al.
(1985) for screw piles in silt and clay; it allows for the estimation
of the axial capacities of screw piles. It is supposed through the
cylindrical shear method that a cylindrical shear failure surface is
formed which connects the top and bottom helices, shown in
Fig. 3 as having an axial capacity equal to the sum of the end-
bearing resistance below the bottom helix for compression and
above it for tension, the sum of shear resistance along the
cylindrical shear surface and the shaft friction above the top helix
(e.g. Zhang et al., 1998; Livneh and Naggar, 2008; Tappenden et
al., 2009; Sakr, 2009, 2011; Hawkins and Thorsten, 2009).
Equations related to the cylindrical shear method were consequent
of the number of helices, the pile geometry, the soil conditions as
well as the helical spacing (Nasr, 2009). Fig. 3 shows the
cylindrical shear model.
A number of equations have been derived for the cylindrical
shear method which differ based on whether they are for
compressive or tensile forces as well as whether the soil is
cohesive or cohesionless. Nasr (2004) outlines some cylindrical
shear method equations by separating them into being under either
compressive or uplift loading and in cohesive or cohesionless soil.
Some common parameters and properties used in the calculation of
bearing capacities are as follows:
H¼embedment depth of pile to top helix;
D¼diameter of pile helix;
d¼diameter of pile shaft;
Heff¼effective length of pile above top helix (Heff¼H
D);
α¼adhesion factor;
cu¼undrained shear strength of soils (su);
γ0 ¼effective unit weight of soil (kN/m3);
Nq¼bearing capacity factor for cohesionless soils;
Fq¼breakout factor for cohesionless soils in shallow
conditions;
Fq
*¼breakout factor for cohesionless soils in deep conditions;
Nc¼compressive bearing capacity factor for cohesive soils;
Nu¼uplift bearing capacity factor for cohesive soils; and
φ¼soil internal friction angle.
The Nc bearing capacity factor is dimensionless, varying from
6 to 9 in cohesive soils depending on the pile diameter (CFEM
2006). A list of Nc values for different helix diameters is given in
Table 1. This table is a simpliﬁed version recommended by Nasr
(2004). It is also suggested that 6 be used for Nc if the undrained
shear strength, Cu, is lower than or equal to 25 kPa (Budhu, 2011).
The uplift bearing capacity factor, Nu, can be determined by
Eq. (1), (Meyerhof, 1976; Tappenden and Sego, 2007).
Nu ¼ 1:2
H1
D
r9 ð1Þ
where H1¼depth of the uppermost helix.
In cohesionless soils, the value for Nq is a dimensionless
factor that varies depending on the internal friction angle of the
Fig. 3. Forces involved in cylindrical shear model under compression and tension (Nasr, 2004).
Table 1
Nc values for different values of D.
Helix diameter, D (m) Nc
o0.5 9.0
0.5–0.6 8.50
0.6–0.7 8.00
0.7–0.8 7.5
0.8–0.9 7
0.9–1.0 6.5
41.0 6.0
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Eq. (12). Breakout factors Fq and Fq* for cohesionless soils in
deep and shallow foundations also depend on the internal
friction angle based on Mitsch and Clemence (1985) and
further expressed by Das (1990).
As applied in Tappenden and Sego (2007), from earlier research
by Meyerhof and Adams (1968), Adams and Klym (1972),
Narasimha Rao and Prasad (1993) and Zhang (1999), the Heff
effective shaft length was reduced by approximately the diameter
of the screw pile bearing plate due to the ‘shadowing effect’ of a
loss in shaft adhesion above the helix. The shadowing effect is
applied in tension for both cohesive and cohesionless soils.3.1.1. Cohesive soil under compressive and tensile loading
Mooney et al. (1985) and Narasimha Rao and Prasad (1993)
developed Eqs. (3) and (6) to express the compressive and tensile
bearing strength of screw piles in cohesive soils. These equations
express the strength as a function of the bearing strength of the end
of the pile, helix plate bearing and the frictional resistance offeredby the shaft–soil interface, as expressed in Eqs. (2) and (5).
Qc ¼QhelixþQbearingþQshaft ð2Þ
where Qc¼ultimate pile compressive capacity; Qhelix¼shearing
resistance mobilised along the cylindrical failure surface;
Qbearing¼end bearing capacity of a pile in compression;
Qshaft¼ resistance developed along the steel shaft.
Thus,
Qc ¼ Sf πDLcð ÞcuþAHcuNcþπdHeff αcu ð3Þ
where Sf ¼spacing ratio factor; Lc¼distance between top and
bottom helical plates; AH¼area of the helix.
For shallow foundations, the shaft friction above the top
helix is often considered negligible. Nasr (2004) claims that
when embedment ratio H/D is less than 3, dictating a shallow
footing, this reduces Eq. (3) to
Qc ¼ Sf πDLcð ÞcuþAHcuNc ð4Þ
The tensile capacity of a screw pile is derived in a very similar
manner to the compressive bearing capacity as a combination of
the bearing of the helices and the frictional resistance of the soil.
The key difference in the analysis is that the soil properties will be
undisturbed by the pile installation in compressive loading, whe-
reas the soil properties in tensile applications will use the properties
of the disturbed soil.
Qt ¼QhelixþQbearingþQshaft ð5Þ
Thus,
Qt ¼ Sf πDLcð ÞcuþAH cuNuþγ0H
 !
þπdHeff αcu ð6Þ
where Qt¼ultimate screw pile uplift/tensile capacity:
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Eq. (6) will then be reduced to
Qt ¼ Sf πDLcð ÞcuþAH cuNuþγ 0H
 !
ð7Þ
3.1.2. Cohesionless soil under compressive and uplift loading
Mitsch and Clemence (1985) expressed the compressive
bearing strength of a cohesionless soil as in Eqs. (8)–(10). The
key difference in the analysis of cohesive and cohesionless
soils under compressive loads is the use of the internal friction
angle of the soil rather than the undrained shear strength which
is used in a cohesive analysis. The analysis provided by Mitsch
and Clemence (1985) is given below
Qc ¼QhelixþQbearingþQshaft ð20Þ
where
Qhelix ¼
1
2
πDaγ 0 Hb
2Ht2
 
Ks tanφ ð8Þ
Qbearing ¼ γ 0HAHNq ð9Þ
Qshaft ¼
1
2
PsHeff
2γ 0Ks tanφ ð10Þ
Thus,
Qc ¼
1
2
πDaγ0 Hb
2Ht2
 
Ks tanφ
þγ0HAHNqþ
1
2
PsHeff
2γ 0Ks tanφ ð11Þ
where Da¼average helix diameter; Ha¼depth to bottom helix;
Ht¼depth to top helix; Ks¼coefﬁcient of lateral earth pressure
in compression loading; AH¼area of the bottom helix;
Ps¼perimeter of the screw pile shaft:
As suggested by Meyerhof and Adams (1968),
Nq ¼ eπ tanφ tan ð451þ
φ
2
Þ2 ð12Þ
Nasr (2004) now claims that when embedment ratio H/D is
less than 5 (shallow condition), the shaft friction is negligible
and reduces Eq. (11) to
Qc ¼
1
2
πDaγ0 Hb
2Ht2
 
Ks tanφþγ 0HAHNq ð13Þ
The tensile capacity of screw piles in cohesionless soils is
presented by Mitsch and Clemence (1985) in Eq. (14) and
further expressed by Das (1990). The inter-helix spacing of
bearing plates on the pile and the embedment ratio are seen as
key parameters in the analysis and design of the compressive
bearing capacity of screw piles in cohesionless soils.
Zhang (1999) has recommended that screw piles under com-
pressive or tensile loads with an embedment ratio greater than 5 be
classiﬁed as deep foundations, whereas those with an embedment
ratio less than 5 be classiﬁed as shallow foundations. Similarly,
Meyerhof and Adams (1968) concluded that a maximumembedment ratio of (H/D)cr exists. The maximum embedment
ratio of (H/D)cr represents the delineation between shallow and
deep foundations and is equal to the distance from the top of the
uppermost helix plate to the top of the pile. Typical differences in
the analysis of shallow and deep foundations will centre on the
failure mechanisms. For shallow helical piles in uplift, the bearing
zone will extend from the uppermost helix to the ground surface
(Narasimha Rao et al., 1993), whereas for deep foundations, the
bearing zone will be contained below the surface.
Multi-helix screw piles under shallow conditions: H/Do
(H/D)cr:
Qt ¼
1
2
πDaγ0 Hb
2Ht2
 
Ku tanφþγ 0HAHFq ð14Þ
Multi-helix screw piles under deep conditions: H/D4
(H/D)cr:
Qt ¼
1
2
πDaγ0 Hb
2Ht2
 
Ku tanφþγ 0HAHFq
þ 1
2
PsHeff
2γ 0Ku tanφ ð15Þ
where Ku¼coefﬁcient of lateral earth pressure in uplift
for sand.
As is evident, Nasr (2004) offers equations related to the
cylindrical shear method which deal with the different conditions,
such as whether the soil is cohesive or cohesionless, whether it is
under compressive or uplift loads and whether the conditions are
shallow or deep. Although Schmidt and Nasr (2004) and Nasr
(2009) propose slightly different equations with regard to the
ultimate capacity of screw piles via the cylindrical shear method, it
is believed that the equations used by Nasr (2004) are the most
comprehensive and relevant to this review.
3.1.3. Cohesive soil under uplift loading as proposed by
Lutenegger (2009)
The cylindrical shear method is also evident in Eq. (16) as
classiﬁed by Lutenegger (2009). The variation in the equation
shows the ultimate capacity in uplift with a reliance on the
undrained shear strength of screw piles in clay:
Qu ¼QsþQeþWsþWa ð16Þ
where Qs¼cylindrical shear strength; Qe¼end bearing of the
uppermost helix; Ws¼soil weight between helices; Wa¼steel
weight.
Qs ¼ πDLcð Þcu ð17Þ
Qe ¼ Ae9cu ð18Þ
Ae¼helix bearing plate area.
Eq. (16) assumes no soil disturbance even though the
installation is known to inﬂuence the soil (Lutenegger, 2009).
It is evident, therefore, that the cylindrical shear method is only
relevant to screw piles with two or more helices, unlike the
individual bearing method which needs one or more helices to be
relevant. When two or more helices are present in a screw pile,
much debate in current literature exists as to which failure mode is
most relevant; this will be explored in Section 4.
Fig. 4. Individual bearing method for screw pile under compressive load (Sakr,
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Troﬁmenkov and Maruipolshii (1965) ﬁrst presented an equa-
tion expressing the uplift bearing capacity of a helix or screw plate
as a function of non-dimension factors. More recent academic
contributions by Adams and Klym (1972) were the ﬁrst to then
assume that each screw plate behaves independently of the others
where the spacing distance between each plate is large enough.
The individual bearing method failure mechanism is explained by
each helix behaving independently, and thus, individual bearing
occurring at each helical plate where the overall ultimate capacity
of the screw pile is found through the summation of all the
individual helical capacities along with the shaft resistance (Zhang
et al., 1998; Livenh and Naggar, 2008; Sakr, 2009, 2011; Hawkins
and Thorsten, 2009). The individual bearing method can be
utilised under both compressive and tensile loads. Under com-
pressive loading, the parameters affecting the bearing capacity will
be the screw plate bearing area and the undisturbed soil below it,
whereas under tension, the bearing capacity will depend on the
screw plate bearing area as well as the disturbed soil above it.
Fig. 4 explains the forces involved in the individual bearing
method.
Equations related to the individual bearing method involve
both the resistance from each individual helix as a sum as well
as the shaft resistance. Chance (1993) outlines Eqs. (19) and
(20) which deem that the only factor related to the bearing
capacity of screw pile anchors comes from the summation of
the individual bearing from each helical plate and not the shaft
friction.2009).3.2.1. Cohesive and cohesionless soils in uplift
Chance (1993) presents Eq. (19) to describe the individual
bearing method for the analysis of a screw pile. The method
presumes that the total tensile capacity of the pile in cohesive
and cohesionless soils is equal to the sum of each individual
helix plate bearing capacity.
Qt ¼
X
Qh ð19Þ
where Qt¼ total anchor capacity; Qh¼ individual helix bearing
capacity.
Qh ¼ Ah 9cuþqNq
 
rQs ð20Þ
where Ah¼projected helix area; q¼effective overburden
pressure; Qs¼upper limit determined by the helix strength.
Using Eqs. (19) and (20), Chance (1993) asserts that for
cohesive soils in uplift, Eq. (21) becomes
Qh ¼ Ah9cu ð21Þ
However, for cohesionless soils in uplift, Chance (1993)
suggests Eq. (22), namely
Qh ¼ AhqNq ¼ Ahγ0HNq ð22Þ
Thus, through knowledge in regard to soil characteristics,
Chance (1993) simpliﬁes Eq. (20) by dividing it into two
separate equations, namely, (21) and (22).Conversely, Nasr (2009) suggests Eq. (23) for screw piles
experiencing uplift in which shaft friction is included.
3.2.2. Cohesive and cohesionless soils in uplift
Nasr (2009) presents a very similar equation to Chance (1993),
but also includes a value for the frictional resistance by the pile–
soil interface which would concur with most other literary
references. The expressive is given in Eq. (23).
Qt ¼Qshaftþ
X
Qbearing ð23Þ
Nasr (2009) recognises the need to include the shaft friction
in Eq. (23) in order to provide a complete account of all
resisting forces in action during loading.
3.2.3. Cohesive soils in uplift with square shaft
Lutenegger (2009) asserts through Eq. (24), for cohesive
soils in uplift, that the shaft resistance is negligible when a
square shaft is used, providing a similar method of analysis to
Chance (1993) in Eq. (19).
Qu ¼ nQeþWsþWa ð24Þ
Qe ¼
X
Ae9cu ð25Þ
where n¼number of helical plates; Qe¼ultimate uplift of an
individual helix; Ws¼soil weight between helices; Wa¼anchor
weight; Ae¼area of each helix.
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use either the shaft resistance between the helicies or only the
shaft resistance above the top helix, as suggested by Mitsch and
Clemence (1985).
3.2.4. Cohesive soils under either compressive or uplift
loading
Aydin et al. (2011) established Eq. (26) which deals with
cohesive soils in both compression and uplift. In Aydin et al.
(2011), the bearing capacity is centred on using a helical pile in
the Osterberg Cell Load Test with only one helix. It is evident
that this equation considered both the individual bearing from
the helical plate and the shaft friction. It is important to note
that due to soil plugs being installed at the bottom of the shaft,
their area should be included in the bearing area when
concerned with compressive loads, whereas the bearing area
under uplift is the helix diameter minus the shaft diameter.
Qu ¼ AH cuNcþγ 0H
 !
þPsαcuLf ð26Þ
where Lf ¼ length of the pile shaft above the top helix or the
total shaft length.
Nc in Eq. (26) is the compressive bearing capacity factor for
the compressive loading condition and the uplift bearing
capacity factor for the uplift loading condition. Recommended
values for this factor have been reviewed in Section 3.1 for
compressive and uplift loading conditions.
3.3. Relationship between installation torque and bearing
capacity
Tsuha and Aoki (2010) argue that the torsional resistance which
occurs as a result of the screw pile penetration, calculated during
installation, controls the uplift capacity of the pile. The underlying
bearing strength of the soil can thus be determined due to the
installation exertion. Hoyt and Clemence (1989) ﬁrst introduced an
empirical method of analysing the ultimate axial capacity as a
direct correlation of the installation torque which is commonly
expressed in other literature as Eq. (27).
Qt ¼KTT ð27Þ
where KT¼empirical torque factor; T¼average installation torque.
From Eq. (27), Tsuha and Aoki (2010) accentuate that the
average installation torque is to be found based on averaging
the last section of penetration which is equal to the diameter of
the largest helix multiplied by three.
Ghaly et al. (1991) expanded knowledge on the relationship
between the installation torque and the bearing capacity by
analysing the performance of single pitch and muli-pitch screw
piles. The research concluded that the installation torque was
primarily dependent on the screw geometry, the soil properties
and the installation depth.
Tsuha and Aoki (2010) also outline the various relationships
that exist between the empirical torque factor and other factors
related to the design of piles in sand, such as the shaft
resistance, the resisting moments and the uplift capacity, byderiving various equations which are shown below. Eqs. (28)–
(33) have been suggested by Tsuha and Aoki (2010).
Qu ¼QsþQh ð28Þ
where Qs¼shaft resistance; Qh¼helical bearing capacity.
Thus,
Qu ¼
2Ts
d
þ 2Th
dc tan θþδrð Þ
ð29Þ
where Ts¼ resisting moment acting on the pile shaft;
Th¼ resisting moment acting on the helices; dc¼diameter of
the circle corresponding to the helix surface area; θ¼helix
angle with the horizontal; δr¼ residual interface friction angle
between the helix material and sand.
Conversely,
T ¼ ThþTs ð30Þ
where T¼ torque required to install a helical pile.
Thus,
T ¼ Qsd
2
þ Qhdc tan θþδrð Þ
2
ð31Þ
Eqs. (27)–(31) have allowed for the derivation of Eqs. (32)
and (33) which ascertain the empirical torque factor as
determined by Tsuha and Aoki (2010).
When the shaft resistance is not signiﬁcant,
KT ¼
2
dc tan θþδrð Þ
ð32Þ
When the shaft resistance is signiﬁcant,
KT ¼
2
Qs
Qu
 
dþ QhQu
 
dc tan θþδrð Þ
ð33Þ
Consequently, these equations have permitted the understanding
of the relationships which exist and whether they exist at all
between the key factors. It is evident that the empirical torque
factor increases with a decrease in the helix and in the shaft
diameter, as well as in the friction angle of sand, when it inﬂuences
the residual friction angle (Tsuha and Aoki, 2010).
3.4. Application of the 2009 International Building Code
The 2009 International Building Code (IBC) (International
Code Council, 2009) presents different methods related to the
design of helical piles (Perlow Jr., 2011). Some of these design
methods have already been discussed, whilst others have not and
will be determined. Thus, Section 1810.3.1.9 of the 2009 IBC
shows how to determine the allowable axial design load as
Pa ¼ 0:5 Pu ð34Þ
where Pu is the least value of the following:
(1) Sum of the areas of the helical bearing plates times the
ultimate bearing capacity of the soil or rock comprising the
bearing stratum.
(2) Ultimate capacity determined from well-documented
correlations with installation torque.
(3) Ultimate capacity determined from load tests.
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(5) Ultimate axial capacity of the pile shaft couplings.
(6) Sum of the ultimate capacity of the helical bearing
plates afﬁxed to the pile.
Thus, there are six different ways of determining the
ultimate capacity of a screw pile. From these, the ﬁnal value
chosen is the one with the least value. It is evident that points
one and two deal with the individual bearing method and the
relationship between the installation torque and the ultimate
capacity which have already been thoroughly discussed. The
third point, which deals with load tests, will be discussed in the
following section. On the contrary, points four, ﬁve and six are
beyond the scope of this review.
3.5. Load testing and settlement
Load testing allows for the measurement of the ultimate
capacities of screw piles, which are then compared to the predicted
values found through various theoretical design approaches, as
already discussed. Load tests are followed through ASTM
standards D 3689-07 and D 1143-07 which are related to axial
tension and compression load tests, respectively (Sakr, 2011). Pile
load tests are used to determine the axial load capacity of a pile, as
well as pile settlement, and allow for comparisons with predicted
values (Budhu, 2011). Load is applied incrementally using the
Constant Rate of Penetration (CRP) method, the subsequent
settlement is noted, and then it is represented as a load–settlement
curve on a graph. Failure occurs at the point where the pile
continues to move downward with no increase in load, inducing
plunging failure in the pile (Tomlinson, 2001). The ultimate pile
load is then determined as the vertical asymptote between the point
where the limiting skin resistance is mobilised and the ultimate
point capacity is reached, as the load–settlement curve approaches
a vertical gradient (Bowles, 1996).
Different methods for ascertaining the ultimate pile capacity
from a load test are known to exist, as evident from the literature.
Some of these methods are outlined in Sakr (2011) as the Davisson
criterion, Brinch Hansen criterion, L1–L2 method, FHWA (5% of
the helix diameter) and ISSMFE (10% of the helix diameter). The
last method, known as the ISSMFE, deals with ﬁnding the load at
a displacement level of 10% of the helix diameter (Sakr, 2009,
2011; Yttrup and Abramsson, 2003; Nasr, 2009; Zhang et al.,
1998; Tappenden et al., 2009). Conversely, the FHWA method is
concerned with ﬁnding the load at a displacement of 5% of the
helix diameter (Sakr, 2009, 2011). The L1–L2 method, which
outlines the load–settlement curve as having a linear, non-linear
and then ﬁnally linear segment, asserts the ultimate capacity within
the non-linear segment (Livneh and Naggar, 2008; Sakr, 2011).
The Davisson criterion establishes a load through the use of an
equation which corresponds to the total displacement being equal
to the summation of the elastic deﬂections of the pile (Hawkins
and Thorsten, 2009; Sakr, 2011). Another method is to ﬁnd the
load at a displacement of 20% of the helix diameter (Lutenegger,
2009). Utilisation of the plunging failure has also proved to be an
approach which occurs when settlement increases rapidly during
loading (Livneh and Naggar, 2008; Tappenden et al., 2009).Aydin et al. (2011) used the Osteberg Cell Load Test which
includes a division between toe and shaft behaviour along with
other crucial factors related to the capacity of the pile. They
contend that the results from this type of load test, as compared to
the results from traditional pile load tests, represent a quicker and
more accurate process for the load testing of screw piles.3.5.1. Settlement design of screw piles
A comprehensive review of the literature on screw piles
shows that minimal research has been done in regard to their
settlement-based design. The only mention of settlement is
found in its utilisation in the load–settlement curve and in the
research presented by Perko (2009); he presents a power
function to model the helical pile deﬂection as a function of the
soil SPT blow count. The relationship would best be modelled
by a power function, where the deﬂection approaches inﬁnity
as the SPT blow count is close to zero and the deﬂection
approaches zero where the SPT blow count is extremely high.
Perko (2009) has discussed two separate equations to best ﬁt
the relationships for the circular hollow helical pile sizes. Eq.
(35) models the settlement of a screw pile with a shaft diameter
of 73–89 mm.
δ¼ λδ
N700:37
ð35Þ
where δ¼helical pile net settlement; λδ¼ﬁtting constant
(110 mm); N70¼SPT blow count.
Eq. (36) models the settlement of a larger screw pile with a
shaft diameter of 110–274 mm.
δ¼ λδ
N700:56
ð36Þ
where δ¼helical pile net settlement; λδ¼ﬁtting constant
(83 mm); N70¼SPT blow count.
The research presented by Perko (2009) shows that these
functions only exhibit a mediocre least squares regression deviation
of 0.48 and 0.51, respectively. More research is certainly needed to
draw valid conclusions on the design of screw piles for settlement.4. Discussion
In the previous sections, much has been discussed with regard to
the design of screw piles. The intricacies of the installation process,
the load transfer, the importance of SPTs and CPTs and the scope
of the design methods have all been explored. Further elaboration
on the cylindrical shear method, the individual bearing method, the
correlations between the installation torque and the ultimate
capacity, the 2009 International Building Code and the relation-
ships between the predicted theoretical approaches and the
measured load tests are provided in this section.
The arrangement of the different helical diameters and the
different shaft lengths has increased the utilisation of screw piles in
an array of projects (Livneh and Naggar, 2008). Similarly, these
variations have resulted in different types of screw piles being
made when considering their shapes and dimensions.
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There is known to be interplay between the cylindrical shear
method and the individual bearing method in regard to which
failure mechanism is to be used and under what circumstances.
Mitsch and Clemence (1985) assert that estimations about the
ultimate capacity of piles are dependent on the helical spacing,
the pile embedment and the soil conditions. As mentioned
earlier, Zhang (1999) entailed conditions upon which screw
piles can be classiﬁed as either deep or shallow anchors. This
characterisation brings into the discussion the importance of
the embedment depth to the screw pile design. Moreover,
Zhang et al. (1998) contend that the main factors in the
ultimate capacity of screw piles are the embedment ratio (H/D)
and the spacing ratio (S/D).
The spacing ratio is the ratio of the spacing of two adjacent
helical plates and the average diameter of these plates (Zhang et al.,
1998; Sakr, 2009). Narasimha Rao et al. (1991) accentuate that a
spacing ratio exists at which the failure mechanisms of the
cylindrical shear method and the individual bearing method
change. In the literature, there seems to be much dispute as to
what this spacing ratio actually is. Hubble Power Systems Inc.
(2003) and Aydin et al. (2011) both assert that this interval of
change from the cylindrical shear method to the individual bearing
method occurs at a spacing ratio of 3 which is why Livneh and
Naggar (2008) opted to use adjacent helical spacings of at least
4D to ensure no overlapping of failure mechanisms. Similarly,
Tappenden et al. (2009) contend the utilisation of the cylindrical
shear model where the adjacent helical plates were spaced at 1.5D,
which is evidently before the 3D required for a change in failure
mechanism. Conversely, Narasimha Rao et al. (1991) argue that a
spacing ratio greater than 1.5 occurs when the failure mechanism
changes to the individual bearing method from the cylindrical
shear method. However, Lutenegger (2009) shows that up to a
spacing ratio of 2.25, the cylindrical shear method is seen to
control the pile behaviour, whereas beyond 2.25, the individual
bearing method controls it. On the contrary, Nasr (2009) suggests
that a spacing ratio greater than 2 should be complemented with
the individual bearing method to allow for the most accurate
assertion of the ultimate capacity.
A spacing ratio factor (Sf) was introduced by Narasimha Rao
and Prasad (1993) to model the spacing ratio factor as a
reduction in the ultimate bearing capacity for increasing
spacing ratios up to a maximum of 4.6 where it is recom-
mended that only the individual bearing method be applied
(Eq. (37)).
For S=Do1:5 Sf ¼ 1:00
For 1:5rS=Dr3:5 Sf ¼ 0:683þ0:069 3:5 SD
 
For 4:6rS=Dr3:5 Sf ¼ 0:700þ0:148 4:6 SD
 
ð37Þ
Continuing the implications of helical spacing, Zhang et al.
(1998) proved that piles in cohesive soils under compressive loads
with smaller spacing ratios produced smaller ultimate capacities
than those with larger spacing ratios, whereas piles in cohesionless
soils under compressive loads with smaller spacing ratios producedlarger ultimate capacities than those with larger spacing ratios.
Zhang et al. (1998) imply that the ultimate capacity of a pile under
compressive loads can be controlled and enhanced by modifying
the inter-helix spacing. Conversely, the conclusion was made that
the inter-helix spacing does not affect the ultimate capacity under
tension. Woodcock (2012) asserts that the number of helical plates
in a screw pile does not speciﬁcally describe their behaviour.
Conversely, Lutenegger (2009) states that the number of helices
does affect the ultimate capacity under the individual bearing
method; it is not much affected by the helical spacing. Indeed, the
latter approach is given more credibility when concerned with the
individual bearing method. However, Woodcock's statement can
be supported under the cylindrical shear model which purports that
the spacing between the uppermost and lowermost helices is what
is signiﬁcant in terms of increasing the cylindrical resistance
provided (Lutenegger 2009).
The embedment ratio is the ratio of the depth of the top helix to
the ground surface above it and the diameter of the top helix
(Zhang et al., 1998). The embedment ratio proves to be another
crucial factor in the design of screw piles. Zhang et al. (1998)
assert that the embedment ratio is known to increase the screw pile
capacity in both cohesive and cohesionless soils, under compres-
sive and tensile loads, whereas a larger increase is observed under
tensile loads. Likewise, Sakr (2009, 2011) found that the larger the
embedment depth, which is directly proportional to the embedment
ratio, the greater the shaft frictional resistance provided against
uplift by the end-bearing pressure at the top helical plate. Perko
(2009) considers the minimum embedment depth to be one of the
most important topics governing the screw pile performance, given
that all the theoretical capacity calculations are based on the deep
mode of behaviour. For piles with an insufﬁcient embedment,
shallow failure may occur where the bearing plates are too close to
the surface or the bearing plates are too close to an active
soil wedge.
The importance of the soil conditions related to the cylindrical
shear method and the individual bearing method are evident
through the observation of the diverse equations related to each
method which all nonetheless have various soil parameter inputs.
Some soil properties and parameters evident in the equations are
the bearing capacity factors, the undrained shear strength, the soil
cohesion, the adhesion factors, the effective unit weight and the
angle of internal friction. The ultimate capacity of screw piles relies
heavily on the value of these soil parameters, and hence, the soil
conditions. Zhang et al. (1998) assert that the ultimate capacity in
tension and compression are similar in cohesive soils, since
resistance mainly develops due to friction, whereas the ultimate
capacity in compression is quite a bit higher in cohesionless soils
due to the impact of the end-bearing resistance. The bearing
capacities in tension and compression can differ due to the
differences between the properties of the disturbed soil above the
helix and the undisturbed soil below the helix. Moreover, this
stronger resistance provided by bearing is also supported by
Woodcock (2012) who claims that the individual bearing method,
which has mostly a sole focus on the individual bearing of each
plate, attains its peak at a higher settlement than the cylindrical
shear model whose main emphasis of the shear failure zone
engenders it to achieve its peak at a lower settlement. Sakr (2011)
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higher ultimate capacity than those in tension, since the surface
area of the bottom helix involved in compression includes the
lower surface of the bottom helix and the soil plug, whereas in
tension the surface area only includes the upper surface of the
bottom helix.
4.2. Correlations between installation torque and ultimate pile
capacity
As previously mentioned, different authors have asserted
different limits to the relationship between the installation
torque and the capacities of screw piles under both compres-
sive and uplift loads. Sakr (2009, 2011) assert that the
correlations that exist with regard to the torque and the
capacities of screw piles were in fact created for anchors with
small diameters being subjected to uplift loads, and thus,
advocate proceeding with caution when using these correla-
tions on large-diameter piles. Although Sakr (2009) tests the
correlation method under compressive forces as well, he
arrives at the conclusion that due to the difference in uplift
and compressive failure mechanisms, as well as the incon-
sistency of the soils near the uppermost and lowermost helical
plates, the ultimate capacities of helical piles under compres-
sive forces, determined from relations with the installation
torque, cannot be used. Conversely, Chance (1993) explicitly
focuses on the correlation between the installation torque and
the ultimate capacity of screw piles under both uplift and
compressive loads in both cohesive and cohesionless soils.
Similarly, Livneh and Naggar (2008) report that the compres-
sive and uplift capacities are directly related to the installation
torque through the use of pile capacity vs. average installation
torque.
As highlighted earlier the effect by Nasr (2009) who asserts the
impact on the soil stress state due to the installation, the assertion
by Hawkins and Thorsten (2009) that the empirical torque factor is
inversely related to the pile shaft diameter proves to be valid.
Essentially, the larger the diameter of the screw pile, the more soil
disturbance it will cause. And hence, this will cause the ultimate
capacity of the disturbed soil to decrease which occurs as a result
of the lowered empirical torque factor. Likewise, Tsuha and Aoki
(2010) advocate that the empirical torque factor is inversely
proportionate to the pile dimensions as well as to the friction
angle of sand.
Pack (2000), Hawkins and Thorsten (2009) and Sakr (2011)
outline the various factors which effect the empirical torque factor
and ultimately the bearing capacity of the pile; they are the shaft
size, the helix size, the pitch size, the depth of the embedment, the
helical spacing, the pile conﬁguration, the soil strength parameters,
the amount of soil disturbance, the calibration of the equipment,
the groundwater levels and the axial forces acting on the pile. What
was perhaps common under the cylindrical shear and individual
bearing methods was that the greater the number of helical plates,
the higher the ultimate capacity of the pile. However, Pack (2000)
and Tsuha and Aoki (2010) maintain that under the torque
correlation method, the number of helices past the feasible
minimum has no effect on the increase in the load capacity ofthe pile. Pack (2000) suggests that by attaching helices with larger
diameters or more helices on a shaft, the result is larger torques
attained in less dense soils. Ultimately, the ultimate capacity of a
pile in compression and tension can be increased by varying the
key factors of the helix spacing, the helix size, the shaft size and
the number of helices and soil properties.
4.3. Engineering manuals
Another appropriate manual related to screw pile design,
such as the 2009 International Building Code (International
Code Council, 2009), must also be presented. The 2006
Canadian Foundation Engineering Manual (Canadian
Geotechnical Society, 2006) provides a more detailed
approach towards ascertaining the ultimate capacities of screw
piles as compared to the IBC 2009. The equations below are in
accordance with the 2006 Canadian Foundation Engineering
Manual.
4.3.1. Cohesionless and cohesive soils under compressive and
tensile loading
R¼
X
QhþQf ð38Þ
where R¼ultimate pile capacity; Qh¼ individual helix
bearing capacity; Qf ¼shaft resistance.
Eq. (39) is for helical piles under compressive loads.
Qh ¼ Ah suNcþγDhNqþ0:5γDNγ
  ð39Þ
where Ah¼projected helix area; Dh¼depth to the helical
bearing plate.
However, Eq. (40), which is concerned with Qh for helical
piles in cohesionless soils under tensile loads, is seen to differ.
Qh ¼ AhγDhFq ð40Þ
Eq. (41) applies to screw piles under both compressive and
tensile loads since it deals with the shaft resistance.
Qf ¼
X
πdΔLiqsi ð41Þ
where d¼shaft diameter; ΔLi¼pile section length in the soil
layer i; qsi¼average unit shaft friction of soil layer i.
It is evident that the above equations can be applied to both
cohesive and cohesionless soils under compressive loading.
The breadth covered under this process, in terms of being
suitable for differing conditions, proves highly appropriate
toward screw pile design.
4.4. Relationships between predicted theoretical approaches
and measured load tests
Although Sakr (2011) outlines ﬁve different methods for
obtaining the ultimate capacity from a load test, only the Davisson
criterion, L1–L2 method and 5% failure criterion approaches are
used. He found that the Davisson criterion produced lower
capacities than the actual capacities of helical piles; hence, this
criterion's credibility is lowered. The L1–L2 method, although an
improvement on the Davisson criterion, still underestimated the
load capacities of the helical piles in comparison to the 5% failure
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was the best method for making a comparison with the predicted
results, yielding very close similarity ratios between the measured
and the predicted values. Similarly, Sakr (2009) argued for the
credibility of the 5% failure criterion in comparison to the 10%
failure criterion when displacement levels of 10% for the helix
diameter exceeded the settlement tolerance, and hence, was not
appropriate for comparison with predicted values. Subsequently, it
was found that via the use of the 5% failure criterion, an adequate
estimate of the ultimate bearing capacity was obtained (Sakr,
2011). The validity of utilising the plunging failure in load tests
proves to offer quite a predicament, since the plunging failure is
most often associated with settlement values that exceed appro-
priate values for designs which are not even reached in load tests
(Livneh and Naggar, 2008).
Thus, it was ascertained that attempts at comparing the
measured values from load tests and the predicted values from
theoretical calculations for their similarity ratios were highly
dependent on the load test ultimate capacity derivations used,
since different methods proved complementary to the actual
ultimate capacities to various extents. Based on this analysis, it
was evident that the 5% failure criterion proved most appro-
priate for determining the ultimate capacity from load tests for
consequent comparison with predicted values. The 10% failure
criterion provides displacement levels of 10% of the helix
diameter; that could exceed the settlement tolerance. However,
for helical plates of smaller diameters, the 10% failure criterion
could be adequate and more appropriate than the 5% criterion.4.5. Settlement
As has already been addressed, regarding the screw piles
discussed in literature, the settlement of screw piles has only been
explored when associated with its utilisation in the load–settlement
curve and in Perko's research regarding the settlement as a function
of the SPT blow count. Most of the current literature related to
screw pile design has its prime focus on the bearing capacity of
screw piles with the exception of Perko. The two stability
conditions for foundations are that the foundations are able to
sustain the applied loads through possessing an adequate bearing
capacity and that the settlement of the foundation lies within the
acceptable limits (Budhu, 2011). The settlement-related behaviour
of screw piles, which appears vacant in terms of research at the
moment, is highly importance to the validity of the design. Hence,
it is evident that further research is required into the settlement of
screw piles in order to allow for more complete and improved
design.4.6. Further reading
The scope of this review only focused on the design of axially
loaded screw piles. Further details on the lateral load design of
screw piles can be found in Mittal et al. (2010), Naggar et al.
(2007) and Sakr (2010). The use of grout in screw piles is further
explored in Vickars and Clemence (2000). Studies related to the
ﬁnite element method and other modelling approaches are evidentin Kurian and Shah (2009) and Hird and Stanier (2010), resp-
ectively.
5. Conclusion and recommendations
This review has provided a comprehensive analysis of all
relevant factors related to the design of axially loaded screw piles.
Comparisons were made to various theoretical approaches where
consequent relations were asserted. The juxtaposition of different
views was stimulated and the validity of the different views was in
most cases clear, although some require further knowledge and
investigation. There is acknowledgement of the intricate processes
related to the design of screw piles which have essentially been
synthesised in order to allow for easier understanding of the
complex relationships which exist. Consequently, future research
on the design of axially loaded screw piles will be grounded in
regard to suggesting an improved theoretical equation whose
predictions will be measured against small-scale load tests in order
to test its validity. Signiﬁcant strides have been made toward the
design of screw piles, but continued advancement is essential. The
following has been asserted from this comprehensive review as
already explored in Section 4:
 Literature supports the fact that circular-shaped screw pile shafts
offer higher resistance in loading as compared to square-shaped
screw pile shafts.
 Based on the cylindrical shear and individual bearing
methods, the three main factors which affect the ultimate
bearing capacity of screw piles are the helical spacing, the
pile embedment and the soil properties.
 There is dispute in the literature regarding at which spacing
ratio the failure mechanism changes from cylindrical shear
to individual bearing. This accentuates the fact that further
research is required as to when the shift occurs. Some
spacing ratios, which deal with this switch, are more
frequent than others in the literature, but are still not
universal. This could be due to the different conditions
under which screw piles are placed.
 Cohesive soils under compressive loading with larger
helical spacings have larger ultimate capacities, whereas
cohesionless soils under compressive loading with smaller
helical spacings have larger ultimate capacities.
 The individual bearing method afﬁrms that the more helical
plates there are, the more resistance the pile will offer,
whereas the cylindrical shear method increases the resis-
tance of screw piles which have increased helical spacings.
 An increase in the embedment ratio is known to increase the
screw pile bearing capacity in both cohesive and cohesion-
less soils under both compressive and tensile loads; under
tensile loads, this increase is larger.
 The larger the embedment ratio, the larger the shaft
frictional resistance against uplift.
 The crucial impact of the soil conditions on the ultimate
bearing capacity of screw piles is observed through the vast
array of soil parameters used in the equations for determin-
ing the ultimate bearing capacity of screw piles. The
difference between the disturbed soils and the undisturbed
A. Mohajerani et al. / Soils and Foundations 56 (2016) 115–128 127soils above and below the lowest helix of the screw pile is
also a key variant in the capacities of the piles in
compression and tension.
 In cohesionless soils, screw piles offer much higher resistance
under compressive than uplift loads due to effect of the end-
bearing resistance.
 The cylindrical shear method reaches its peak at a lower
displacement than the individual bearing method which relies
on individual bearing as opposed to a shear failure zone.
 Screw piles in compression offer higher resistance than those in
tension since they have an increased surface area through the
soil plug which offers greater resistance.
 The relationship between the installation torque and the bearing
capacity is evidentiary with the average installation torque
representing the soil conditions of the screw pile under tension.
In compression, the soil below the lowest helix is undisturbed;
and therefore, the installation torque is not a true indicator of the
soil and its bearing capacity.
 The gradient of the pile capacity vs. the average installation
torque graph is the empirical torque factor which is found to
be higher when the screw pile is under compression than
when it is under tension.
 The empirical torque factor is inversely proportionate to pile
dimensions. As the increase in torque is greater than the
increase in the shaft capacity, the empirical torque factor will
decrease relative to the pile dimension.
 Once the number of helices surpasses the sufﬁcient mini-
mum, there is no effect on the pile capacity when dealing
with correlations with the installation torque and the
ultimate bearing capacity.
 The 2006 Canadian Foundation Engineering Manual offers
an equation related to the bearing capacity of screw piles
which is applicable to all the differing conditions, and
hence, is relevant for screw pile design.
 In comparing the predicted theoretical results with the actual
measured results from load tests, it appears that in the load–
settlement curve, assertions made by the 5% failure criterion in
ﬁnding the ultimate load capacity were most appropriate for a
valid comparison.
 The lack of research into the settlement of screw piles hinders
the validity of the design. Further investigation, with increased
accuracy and correlation of the data, is recommended for the
settlement of screw piles in order to allow for the overall design
of screw piles to be complete.
As is evident, much potential exists for the utilisation of screw
piles. However, improved clariﬁcation and further investigation
into the design processes are needed. The different design methods
discussed in this study are all related in the sense that they calculate
the predicted ultimate bearing capacity of screw piles. All the
methods should be calculated under a certain conﬁne of conditions
which are then measured through load tests which allow for
comparisons to be made not only with the different equations
within a speciﬁc method, but also among the different methods forvalidity. Such comparisons will perhaps bring about the discovery
of an improved method which synthesises the valid elements of the
current methods.References
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